Human stem cell-derived cardiomyocytes provide a cellular model for the study of electrophysiology in the human heart and are finding a niche in the field of safety pharmacology for predicting proarrhythmia. The cardiac L-type Ca 2+ channel is an important target for some of these safety studies. However, the pharmacology of this channel in these cells is altered compared to native cardiac tissue, specifically in its sensitivity to the Ca 2+ channel activator S-( -)-Bay K 8644. Using patch clamp electrophysiology, we examined the effects of S-( -)-Bay K 8644 in three separate stem cell-derived cardiomyocyte cell lines under various conditions in an effort to detect more typical responses to the drug. S-( -)-Bay K 8644 failed to produce characteristically large increases in current when cells were held at -40 mV and Ca 2+ was used as the charge carrier, although high-affinity binding and the effects of the antagonist isomer, R-(+)-Bay K 8644, were intact. Dephosphorylation of the channel with acetylcholine failed to restore the sensitivity of the channel to the drug. Only when the holding potential was shifted to a more hyperpolarized ( -60 mV) level, and external Ca 2+ was replaced by Ba 2+ , could large increases in current amplitude be observed. Even under these conditions, increases in current amplitude varied dramatically between different cell lines and channel kinetics following drug addition were generally atypical. The results indicate that the pharmacology of S-( -)-Bay K 8644 in stem cell-derived cardiomyocytes varies by cell type, is unusually dependent on holding potential and charge carrier, and is different from that observed in primary human heart cells.
INTRODUCTION
T he L-type Ca 2 + channel plays a crucial role in excitationcontraction coupling and electrical conduction in the human heart. This prominent physiological role has made the channel an attractive pharmacological target leading to the development of several classes of drugs (e.g., dihydropyridines, phenylalkylamines, and benzothiazepines) widely used to treat a variety of cardiovascular diseases. 1 Conversely, inhibition or activation of the channel as an unintended off-target effect during drug development can lead to unwanted cardiac side effects, including arrhythmia and alterations in cardiac contractility. Therefore, the Ltype Ca 2 + channel is often used as part of a cardiac safety screen during the drug discovery process. Somewhere between these two extremes lies yet another interesting aspect of the channel, namely, inhibition of the L-type Ca 2 + channel in the setting of human Ether-à -go-go-related gene (hERG) cardiac K + channel inhibition can reduce or eliminate the potential for torsades de pointes arrhythmia that would be expected from a pure hERG channel blocking drug. This effect is evidenced in drugs such as verapamil, 2 tolterodine, 3 and ranolazine, 4 where clinically relevant hERG inhibition is offset by concomitant L-type Ca 2 + channel inhibition resulting in little, if any, proarrhythmic activity for these compounds. Recent in silico modeling efforts have also concluded that the ratio of hERG to L-type Ca 2 + channel inhibition provides the best predictor of torsades de pointe in the clinic and highlights the notion that unintended inhibition of cardiac Ca 2 + channels may in some cases have a beneficial role for drug development/safety. 5 Recognizing this, the U.S. Food and Drug Administration has launched an initiative, whereby Ca 2 + channel screening, as part of a larger preclinical safety profile, will play a greater part in predicting the proarrhythmic potential for drugs in development. 6 Stem cell-derived cardiomyocytes represent a potential new tool to study cardiac ion channel pharmacology and are also expected to play an increasing role in drug development and safety testing in the future. 6 Their many advantages include the fact that they are derived from human tissue sources, commercially available, easy to culture, amenable to a variety of electrophysiological techniques, and reduce the need for animal usage. Unfortunately, the stem cell-derived cardiomyocytes developed to date fail to faithfully replicate all of the electrophysiological properties of adult human cardiomyocytes displaying embryonic-like characteristics with altered numbers and types of ion channels. [7] [8] [9] Therefore, detailed biophysical and pharmacological analysis of individual ion channels in these cells will be a necessary prerequisite before their routine incorporation into the drug development process. We have previously undertaken a detailed pharmacological study of the L-type Ca 2 + channel in stem cellderived cardiomyocytes. 10 Although the Ca 2 + channel antagonist pharmacology appeared to be intact, the response of the channel to activators, especially Bay K 8644, was uncharacteristic and unusually weak. Specifically, Bay K 8644 not only failed to produce large increase in current amplitude but also slowed both activation and inactivation kinetics of the current, effects that are opposite to what is normally observed for the drug. 11, 12 The aim of the present study was to compare the effects of Bay K 8644 in several different stem cellderived cardiomyocyte cell lines and determine under what conditions, if any, a typical Bay K 8644 response could be restored. Figure 1 illustrates the effects of S-( -)-Bay K 8644 on Ca 2 + channel currents in primary guinea pig myocytes. Cells were depolarized every 5 s to 0 mV from a holding potential of -40 mV. In these cells, S-( -)-Bay K 8644 produced large increases in current amplitude that reached a maximum of 295% -50% at a concentration of 100 nM (Fig. 1A, C) . In addition, S-( -)-Bay K 8644 accelerated Ca 2 + current inactivation (Fig. 1D ) consistent with its well-known effects on the channel. Figure 1 also shows the effects of S-( -)-Bay K 8644 on Cor.4U cardiomyocytes using an identical Step Notes 1. Cells were seeded on glass coverslips and incubated at 37°C in an atmosphere of 95% air and 5% CO 2 (incubation time: 4-14 days after thawing). 2. Electrodes were filled with an internal solution, which contained 130 mM cesium methanesulfonate.
MATERIALS AND METHODS

Cell Preparation
RESULTS
Twenty millimolar tetraethylammonium chloride, 1 mM MgCl 2 , 10 mM EGTA, 10 mM HEPES, 4 mM Tris-ATP, 0.3 mM Tris-GTP, 14 mM phosphocreatine, and 50 U/mL creatine phosphokinase, pH 7.2 with CsOH. 3. Cells were continuously perfused with an external solution, which contained 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose, pH 7.4 with NaOH (for some recordings, the CaCl 2 was replaced with 10 mM BaCl 2 ). Capacity transients compensated once wholecell configuration was established. 4. Ca 2 + channel currents were recorded using an Axopatch 200B amplifier. 5. R-and S-Bay K 8644 prepared as 10 mM stock solutions in DMSO. Final DMSO concentration in all solutions, including control was 0.01%.
protocol. In these cells, S-( -)-Bay K 8644 (up to 1,000 nM) had little effect on Ca 2 + channel current amplitude producing a maximal increase of only 6.4% -5.7% (n = 6) observed at 30 nM (Fig. 1B, C) . The most pronounced effects of the drug were to slow the time to peak as well as current deactivation and inactivation. When fit with a single exponential, inactivation of the Ca 2 + current measured 39 -3 ms without drugs and increased in a concentration-dependent manner in the presence of ascending concentrations of S-( -)-Bay K 8644, reaching a maximum of 58 -2 ms in the presence of 1,000 nM (Fig. 1D) . In a separate experiment, the activity of S-( -)-Bay K 8644 on Cor.4U cells was repeated using a pulse frequency of 0.1 Hz, but results were identical to those observed at 0.2 Hz (data not shown). The effects of S-( -)-Bay K 8644 on Ca 2 + channel current time to peak and deactivation were easiest to see using the short pulse (30 ms) protocol shown in Figure 2A . Unlike current amplitude, both time to peak and deactivation of the current (measured as a single exponential fit of the tail current decay) were highly sensitive to S-( -)-Bay K 8644 being significantly (P < 0.05 paired t-test) prolonged at concentrations of 3 nM and higher (Fig. 2B, C) . The small effect of S-( -)-Bay K 8644 on current amplitude combined with the observed changes on current kinetics is similar to what we have previously observed using iCell and Cytiva cardiomyocytes under identical conditions.
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To further explore the Bay K 8644 binding site in these cells, we tested the effects of R-( + )-Bay K 8644, a potent antagonist of the L-type Ca 2 + channel. 14 Figure 3A shows the effects of R-( + ) The time constant for current inactivation (single exponential fit) is plotted against S-( -)-Bay K 8644 concentration for both myocyte preparations. Error bars indicate SEM and asterisks denote statistical significance (P < 0.05, paired t-test, n = 5-6).
Fig, 2. Effects of S-( -)-Bay K 8644 on Ca
2 + channel currents in Cor.4U cardiomyocytes using short pulses. Cells were held at -40 mV and depolarized to 0 mV for 30 ms every 5 s using 1.8 mM Ca 2 + as the charge carrier. (A) Ca 2 + channel current traces under control conditions and following the addition of 10 and 100 nM S-( -)-Bay K 8644 are indicated by the letters (A-C), respectively. Concentrationdependent effects of S-( -)-Bay K 8644 on time to peak current and on tail current decay time constants (tau) are shown in (B, C), respectively. Error bars indicate SEM and asterisks denote statistical significance (P < 0.05, paired t-test, n = 6).
manner displaying an IC 50 value of 58 nM (42-79 nM, 95% confidence limits [CL] n = 7, Fig. 3B ). Moreover, when we repeated this experiment in the presence of 10 nM S-( -)-Bay K 8644, the concentration-response curve for R-( + )-Bay K 8644 was shifted by approximately sixfold in the rightward direction and now measured 341 nM (309-377 nM, 95% CL, n = 6, Fig. 3B) .
It has been shown in human heart cells that hyperphosphorylation of the L-type Ca 2 + channel can greatly reduce the response of the channel to the agonist effects of Bay K 8644 and that this response can be restored by dephosphorylating the channel with acetylcholine pretreatment. 15 To test this, we pretreated Cor.4U cells with 20 mM acetylcholine for 4-5 min before exposure to S-( -)-Bay K 8644. Acetylcholine by itself produced a 17% -4% (n = 4) reduction in Ca 2+ channel current amplitude. Current traces following subsequent treatment with S-( -)-Bay K 8644 are shown in Figure 4A . Acetylcholine pretreatment failed to restore the stimulatory effect of S-( -)-Bay K 8644 on current amplitude (Fig. 4B) nor did it alter the atypical effects observed on activation and inactivation kinetics. Similar results were also obtained when we repeated this protocol in the absence of ATP, GTP, phosphocreatine, and creatine phosphokinase in the patch pipette. Under this condition S-( -)-Bay K 8644 produced a concentration-dependent decrease in current amplitude, perhaps indicating enhanced current rundown with this internal solutions (Fig. 4B) .
The effects of altering holding potential and/or charge carrier on S-( -)-Bay K 8644 responses in Cor.4U cells are illustrated in Figure  5 .
Step depolarizations to 0 mV from a holding potential of -60 mV every 5 s elicited a somewhat larger response compared to that observed at the -40 mV holding potential. Under these conditions S-( -)-Bay K 8644 produced a biphasic increase in current amplitude that peaked at 40% -8% (Fig. 5A , D, n = 6). Holding the cells at -40 mV and using 10 mM Ba 2 + as the charge carrier (to increase the percentage of cells with large current amplitude) caused a similar biphasic concentration-response curve resulting in a maximal increase in peak current of 41% -5% (Fig. 5B, D , n = 6). Under both these conditions, S-( -)-Bay K 8644 produced some increase in current amplitude in all cells tested. It was not until we combined both a -60 mV holding potential with Ba 2 + as the charge carrier did we finally elicit a robust S-( -)-Bay K 8644 response in these cells. Under these conditions, S-( -)-Bay K 8644 increased current amplitude in a concentration-dependent manner in all cells tested with a maximal increase in peak current of *200% (Fig. 5D, n = 9) . Importantly, in about half of the cells tested, we were also able to observe the typical effects of S-( -)-Bay K 8644 on current kinetics that included an acceleration in the rate of current activation and inactivation (Fig. 5C) .
Using the assay conditions described in the previous paragraph, we examined the effects of S-( -)-Bay K 8644 on Ca 2 + channel currents recorded in Cytiva Plus cardiomyocytes. When cells were held at -40 mV and Ca 2 + was used as the charge carrier, S-( -)-Bay K 8644 had little effect on peak current producing a maximum 14% -12% increase at 30 nM (Fig. 6D , n = 8). However, this response varied dramatically ranging from a purely inhibitory effect in some cells to an increase of about 90% in one cell. In all cells, a slowing of both activation and inactivation was observed as described for the Cor.4U cells. Switching the holding potential to -60 mV produced a modestly larger 21% -11% average increase in current amplitude (Fig. 6A, D) , which again varied from cell to cell (range: 105% increase to 31% inhibition). In two cells, we noted acceleration of current activation and inactivation kinetics, but only at the lowest (3 nM) concentration tested, while in all other cells this effect was not observed. When the holding potential was set at -40 mV and Ba 2 + was substituted for Ca 2 + , S-( -)-Bay K 8644 produced a biphasic concentration-response curve with a maximal increase of 43% -15% (Fig.  6B , D, n = 11). In only one cell did we observe an acceleration of activation and inactivation kinetics. Like the Cor.4U cells, combining both the -60 mV holding potential and Ba 2 + as the charge carrier resulted in the best response to S-( -)-Bay K 8644. Under these conditions, the drug produced a dose-dependent increase in current of approximately twofold (Fig. 6C,  D) . Current amplitude was consistently increased in all cells tested but unlike the Cor.4U cells, we did not observe any cells where S-( -)-Bay K 8644 accelerated current activation and inactivation kinetics.
The effects of holding potential and charge carrier on the responses to S-( -)-Bay K 8644 were also examined in the iCell cardiomyocyte cell line. When the holding potential was set a -40 mV, little or no effect of S-( -)-Bay K 8644 on current amplitude was observed, regardless of the charge carrier used (Fig. 7B, D, n = 6 ). Under both these conditions, the maximal change in current amplitude in response to the drug varied by approximately -25% depending upon the cell tested. Using a -60 mV holding potential and Ca 2 + as the charge carrier resulted in a more consistent (five out of six cells) although small maximal increase in current amplitude of 23% -11% (Fig. 7A, D , n = 6). Finally, even the combination of the -60 mV holding potential with Ba 2 + as the charge carrier failed to elicit a robust S-( -)-Bay K 8644 response in these cells resulting in a maximum increase in current amplitude of only about 30% (Fig. 7C , D, n = 9). Under no condition did we observe acceleration of activation or inactivation kinetics in response to S-( -)-Bay K 8644 in these cells. The effects of S-( -)-Bay K 8644 on Ca 2 + currents in stem cell-derived cardiomyocytes under various conditions is summarized in Table 2 .
DISCUSSION
We have previously shown 10 that L-type Ca 2 + channels in stem cell-derived cardiomyocytes respond normally to a wide variety of antagonist molecules, but fail to respond in a normal manner to the agonist effects of S-( -)-Bay K 8644. Typical responses to Bay K 8644 ( Fig. 1) in a wide variety of preparations (including primary human heart cells) consist of an enhancement of Ca 2 + current activation and inactivation kinetics, a large (twofold or greater) increase in peak current amplitude, and a slowing of tail current decay. 11, 12, 15, 16 Conversely, in stem cell-derived cardiomyocytes, the predominate effects of S-( -)-Bay K 8644 include a slowing of both activation and inactivation accompanied by little or no effects (or even inhibition) of current amplitude. 10 The only effect of S-( -)-Bay K 8644 that is preserved is a slowing of tail current decay. It is possible that the failure of these cells to respond normally to S-( -)-Bay K 8644 resides in their origin (embryonic vs. fibroblast-derived) or is due to their well-described embryonic phenotype. 7-9 However,
we have failed to find significant differences between embryonicand adult fibroblast-derived stem cell cardiomyocytes. 10 Furthermore, the stimulatory effects of Bay K 8644 are preserved in a variety of embryonic heart preparations, 17, 18 including human fetal heart, 19 indicating that the unusual effects of the drug in stem cell-derived cardiomyocytes is unlikely due directly to the embryonic nature of the cells. To further explore this phenomenon, we utilized three separate stem cell-derived cardiomyocyte cell lines combined with a variety of assay conditions in an attempt to reveal a more typical response to S-( -)-Bay K 8644 as well as to compare and contrast results obtained from these various cell lines. S-( -)-Bay K 8644 displays high-affinity binding to the cardiac L-type Ca 2 + channel 20 and the binding and functional effects of the molecule are known to be critically dependent upon amino acid residues Ser1115 and Phe1112. 21 It is possible that the high-affinity binding site of Bay K 8644 is lost or altered in stem cell-derived cardiomyocytes, thereby leading to a reduction in efficacy.
In the absence of a clear effect on Ca 2+ current amplitude, we examined the potency of S-( -)-Bay K 8644 on the time to peak current as well as inactivation and tail current kinetics in Cor.4U cells to assess the affinity of the drug for the channel. S-( -)-Bay K 8644 prolonged each of these parameters in a concentration-dependent manner with statistically significant effects observed with as little as 3 nM of the drug. The R-enantiomer of Bay K 8644 is known to be a potent antagonist of the L-type Ca 2 + channel and both the R-and S-enantiomers of Bay K 8644 compete for a mutually exclusive binding site on the channel. 14 reliably observed in these cells. Furthermore, in the presence of 10 nM S-( -)-Bay K 8644, which by itself had no effect on current amplitude, the R-( + )-Bay K 8644 concentration-response curve was shifted by sixfold in the rightward direction, consistent with strong competitive antagonism between the two molecules. Taken together, these data indicate that high-affinity binding of both the R-and S-isomers of Bay K 8644 remains intact in the cells, but that the functional consequences of this binding are disrupted for the agonist isomer.
Adrenergic stimulation leads to phosphorylation of the L-type Ca 2 + channel in the heart through the protein kinase A signaling pathway. It has been demonstrated that phosphorylation of the channel through this pathway leads to a reduced response to Bay K 8644. 22, 23 In these studies, phosphorylation of the channel before addition of Bay K 8644 not only reduced the effects of the drug on peak currents but also resulted in a slowing of inactivation very similar to what we observe in the stem cell-derived cardiomyocytes.
It has also been shown that Ca 2 + channels recorded from human cardiac myocytes obtained from failing hearts display less sensitivity to Bay K 8644, presumably due to hyperphosphorylation, and that sensitivity to the drug can be restored by means of dephosphorylation of the channel by pretreatment of the cells with acetylcholine. 15 We therefore tested the ability of acetylcholine to restore normal Bay K 8644 responses in stem cell-derived cardiomyocytes. Application of 20 mM acetylcholine resulted in a 17% decrease in Ca 2 + channel current amplitude, as previously reported. 15 However, the subsequent addition of S-( -)-Bay K 8644 failed to produce an increase in current amplitude and neither were the aberrant channel kinetics normalized in any obvious way (Fig. 4) . This was also true when ATP, GTP, phosphocreatine, and creatine phosphokinase were removed from the pipette to further enhance dephosphorylation of the channel. Therefore, we conclude that hyperphosphorylation of the L-type Ca 2 + channel through the protein kinase A pathway does not contribute to the reduced effects of Bay K 8644 observed in stem cellderived cardiomyocytes as it does in adult human cardiomyocytes. We examined the effects of holding potential and charge carrier on S-( -)-Bay K 8644 responses in stem cell-derived cardiomyocytes. Holding potential was reduced to -60 mV and Ca 2 + was replaced by channel activity, have suggested that Bay K 8644 responses are preserved in stem cell-derived cardiomyocytes, including those used in this study. Thus, calcium transients in iCell cardiomyocytes measured using a fluorescent dye were prolonged by Bay K 8644 in the nanomolar range, while the peak of the transient showed only a modest increase requiring micromolar concentrations. 25 In Cor.4U myocytes, action potential waveforms displayed a small increase in both amplitude and duration following addition of 10 mM Bay K 8644. 26 Most recently, using a multielectrode array, field potential duration measured in Cytiva Plus cells was prolonged by 3-300 nM Bay K 8644. 27 We believe that these findings do not reflect a normal response to Bay K 8644 in these cells, but rather arise predominantly from a concentration-dependent slowing of Ca 2 + channel inactivation in response to the drug, accompanied by a slowing of deactivation and perhaps a small (20%-40%) increase in current amplitude depending upon the particular cell or cell-type used. Future studies examining the effects of Bay K 8644 in stem cell-derived cardiomyocytes should not rely on indirect measures of Ca 2 + channel activity alone, but must incorporate direct measurements of channel function, such as patch clamp electrophysiology, to accurately assess responses. In summary, we find that S-( -)-Bay K 8644 responses are significantly altered in a variety of stem cell-derived cardiomyocytes. Although high-affinity binding appears to be intact, this binding is not translated into a characteristic pharmacological effect. Only under conditions where both Ca 2 + -and voltage-dependent inactivation processes are reduced, can the activity of S-( -)-Bay K 8644 be significantly enhanced. Even under these conditions, the response to the drug in most cells is atypical with regard to effects on calcium channel current kinetics. Furthermore, the effects of S-( -)-Bay K 8644 vary dramatically from cell-to-cell within a given cell line as well as between lines from different sources, suggesting significant heterogeneity in the L-type Ca 2 + channel in stem cell-derived cardiomyocytes. To our knowledge, stem cell-derived cardiomyocytes are the only cells that are known to respond to S-( -)-Bay K 8644 in this unusual manner. We therefore believe that S-( -)-Bay K 8644 responses could be used as a simple biomarker for the development of new cardiomyocyte cell lines with improved Ca 2 + channel characteristics and perhaps phenotypes more closely resembling adult human heart cells.
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